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Abstract

The effects of D-limonene concentration, enzyme loading, and pH on ethanol production from simultaneous saccharification and fermentation

(SSF) of citrus peel waste by Saccharomyces cerevisiae were studied at 37 8C. Prior to SSF, citrus peel waste underwent a steam explosion process

to remove more than 90% of the initial D-limonene present in the peel waste. D-Limonene is known to inhibit yeast growth and experiments were

performed where D-limonene was added back to peel to determine threshold inhibition amounts. Ethanol concentrations after 24 h were reduced in

fermentations with initial D-limonene concentrations greater than or equal to 0.33% (v/v) and final (24 h) D-limonene concentrations greater than or

equal to 0.14% (v/v). Ethanol production was reduced when enzyme loadings were (IU or FPU/g peel dry solids) less than 25, pectinase; 0.02,

cellulase; and 13, beta-glucosidase. Ethanol production was greatest when the initial pH of the peel waste was adjusted to 6.0.

# 2007 Elsevier Ltd. All rights reserved.

www.elsevier.com/locate/procbio

Process Biochemistry 42 (2007) 1614–1619
Keywords: Ethanol; Citrus; Yeast; Fermentation; Enzymes; D-Limonene
1. Introduction

Demand for fuels produced from renewable resources has

increased in recent years due to increased prices for oil,

concerns about greenhouse gas production, and increasing

reliability on foreign sources of energy in the US [1]. One of the

most prevalent renewable energy sources in the US is ethanol.

Ethanol is generally produced from corn (maize) in the US with

a total production at the end of 2005 of 1.5 � 1010 l/year with

an additional 5.7 � 109 l of capacity under construction [2].

Many states in the US have little or no fuel ethanol production,

making a transition to ethanol-blended gasoline dependent on

importing ethanol from other states or countries. Development

of local feedstocks to produce ethanol in these states would
§ Disclaimer: Mention of a trademark or proprietary product is for identifica-

tion only and does not imply a guarantee or warranty of the product by the U.S.

Department of Agriculture. The U.S. Department of Agriculture prohibits

discrimination in all its programs and activities on the basis of race, color,

national origin, gender, religion, age, disability, political beliefs, sexual orien-

tation, and marital or family status.

* Corresponding author. Fax: +1 405 744 6059.

E-mail address: mark.wilkins@okstate.edu (M.R. Wilkins).

1359-5113/$ – see front matter # 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.procbio.2007.09.006
increase ethanol supply and encourage use of ethanol-blended

gasoline in parts of the country where it is not currently

available. The state of Florida, for example, had no fuel ethanol

plants as of December 2006. A local feedstock produced in

Florida for ethanol production would allow the development of

a local ethanol industry that would increase the use of

renewable fuels and decrease MTBE use and it potential

hazards to groundwater.

A potential Florida feedstock for ethanol production is citrus

peel waste (CPW). CPW consists of the peel, segment

membranes, and seeds left over after oranges, grapefruit, and

other citrus fruits have been juiced. Over the last 10 years, an

average of over 4.5 � 109 kg of CPW were produced annually

from the processing of oranges and grapefruits in Florida for

production of juice products. [3]. Citrus juice processors

generally dry and pelletize this waste into cattle feed called

citrus pulp pellets (CPP), which is sold at a loss to the processor.

Some small processors cannot afford to invest capital in the

equipment needed to produce CPP and must pay haulers to take

CPW away from their facility for disposal.

In previous studies, CPW was successfully hydrolyzed by

enzymes to sugars and subsequently fermented to ethanol by
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Saccharomyces cerevisiae yeast and Escherichia coil K011

bacteria [4–6]. This study applies simultaneous saccharification

and fermentation (SSF) techniques to the production of ethanol

from CPW. SSF combines enzymatic hydrolysis with

fermentation in the same vessel at the same time. Enzymes

hydrolyze polysaccharides into sugars that are immediately

consumed by yeast to produce ethanol. SSF increases

hydrolysis rates by reducing product inhibition of enzymes

and reduces tank usage by combining the saccharification and

fermentation tanks into one tank. SSF is widely used in the dry

grind corn ethanol industry [7]; however, CPW has to be

pretreated to remove D-limonene below inhibitory levels for

yeasts [6,8–11] prior to SSF.

Steam explosion is a potential pretreatment for CPW to

increase enzyme accessibility to cell wall polysaccharides

while removing D-limonene. Steam explosion has been

employed on a variety of cellulosic feedstocks to prepare

them for subsequent enzymatic hydrolysis and sugar fermenta-

tion. Steam explosion is a process by which pressurized steam

is applied to cellulosic biomass in a pressure reactor. After a set

reaction time, some of the steam is vented to quickly reduce the

pressure in the reactor, thus causing the water in the biomass to

rapidly decompress, thus causing disruption of cell walls.

Additionally, hemicellulose in the biomass is hydrolyzed,

probably by organic acids [12]. After steam pretreatment, the

surface area of the biomass is increased and cellulose is more

accessible to enzymatic attack.

In this study, we applied a modified steam explosion

process to volatilize and remove peel oil for CPW and prepare

CPW for SSF. The objectives of this study were to evaluate the

effect of D-limonene concentration, enzyme loading, and

initial pH on the amount of ethanol produced by S. cerevisiae

during SSF.

2. Materials and methods

2.1. Peel pretreatment and analyses

Citrus peel waste (peel, seeds, and membranes) was collected from com-

mercial orange juice facilities. Peel used for the effect of D-limonene and effect

of enzyme loading experiments contained 0.8% D-limonene, a monoterpene that

inhibits yeast and other microorganisms. Orange peel oil contains more than

90% (w/w) D-limonene [13]. CPW used for effect of initial pH experiments

contained 1.6% (v/w) D-limonene. CPW that contained 0.8% (v/w) D-limonene

was collected from a facility that recovered peel oil during juice extraction; all

other CPW used was collected from a facility without oil recovery. D-Limonene

content of the CPW before and after pretreatment was determined by the Scott

oil method [14].

The CPW was pretreated with live steam in a continuous tube reactor at

150–160 8C for approximately 2–4 min [15]. The hot material was flashed to a

cyclone where most of D-limonene was stripped by escaping steam. The

pretreated waste was collected from the bottom of the cyclone and frozen.

Frozen, pretreated CPW was stored at �20 8C and thawed as needed for

analyses or SSF experiments. After D-limonene removal, D-limonene content

of CPW used for the effect of D-limonene and effect of enzyme loading

experiments was 0.08% (v/w) and dry matter content was 18.58% (w/w). D-

Limonene content of CPW used for the effect of pH study was 0.16% (v/w) and

dry matter content was 23.37% (w/w). CPW dry matter content was determined

by drying at 70 8C for 20 h followed by vacuum drying at 70 8C for 1 h. CPW

soluble carbohydrate content prior to SSF was determined by water extraction

as previously described [16].
2.2. SSF procedure

SSF experiments were carried out in 250 ml amber glass bottles with a

stopper and a one-way valve to allow the release of carbon dioxide produced

during fermentation. Treated CPW (100 g) was added to each bottle. Pectinase

(Pectinex Ultra SP), cellulase (Celluclast 1.5 L) and beta-glucosidase (Novo-

zym 188) preparations were added to each bottle. All enzymes were obtained

from Novozymes A/S (Bagsvaerd, Denmark). S. cerevisiae in the form of active

dry yeast (Fleischmann, St. Louis, MO, USA) was also added to each bottle as

described previously to obtain an initial yeast concentration of 0.7 g cells/100 g

CPW [5]. Initial pH and the amounts of enzymes varied, as will be described

later. Bottles were rotated at 10–12 rpm at 37 8C. Bottles were then frozen until

analyses were completed. Ethanol, glucose, and galacturonic acid (GA) con-

centrations were determined by HPLC on an Aminex HPX-87H column (Bio-

Rad, Hercules, CA, USA) at 60 8C at 0.5 ml/min with 0.01N sulfuric acid as the

eluent. The pH of CPW was measured using a handheld ISFET pH meter (IQ

Scientific Instruments, Carlsbad, CA, USA).

2.3. Effect of D-limonene

Pectinase, cellulase and beta-glucosidase were added to the CPW at the

loadings of 1.7, 1.4 and 1.5 mg protein/g peel solids, respectively [5]. Calcium

carbonate was added to the peel to increase pH to 4.8. Bottles were rotated at

10–12 rpm for 3 h at 37 8C to liquefy the sample. After 3 h of hydrolysis, 10 ml

of yeast starter solution containing 0.7 g S. cerevisiae yeast, 0.1 g glucose, 0.1 g

peptone, and 0.1 g yeast extract was added to each bottle. Orange peel oil

containing 95% (v/w) D-limonene was also added to each bottle to achieve D-

limonene contents in CPW of 0.08, 0.13, 0.18, 0.23, 0.28, 0.33, and 0.43% (v/

w). The bottles continued rotating at 10–12 rpm for an additional 24 h at 37 8C.

The bottles were then frozen until analyses were completed. Ethanol concen-

trations for each SSF experiment were determined by HPLC as described

earlier. D-Limonene was determined both prior to and after SSF.

2.4. Effect of enzyme loading

Pectinase loadings ranging from 0 to 396 IU/g CPW solids, cellulase

loadings ranging from 0 to 0.18 FPU/g peel solids were tested, and beta-

galactosidase loadings ranging from 0 to 52.3 IU/g peel solids. The initial pH

was adjusted to 5.0 with CaCO3. Activities for pectinase and cellulase were

8740 IU/ml (233 IU/mg protein) and 10.3 FPU/ml (0.126 FPU/mg protein),

respectively [17]. Beta-galactosidase activity was reported by the manufacturer

to be 237.5 IU/ml (1.32 IU/mg protein).

2.5. Effect of initial pH

Initial pH of the pretreated CPW from the commercial juice facility was

between 4.3 and 4.4. Calcium carbonate was added to the peel before the

fermentation to increase pH to 5.0, 5.6, or 6.0. No additional calcium carbonate

was added to the peel during fermentation. Ethanol, glucose, and galacturonic

concentrations and pH were determined for each fermentation after 24 and 48 h

by HPLC as described earlier.

2.6. Statistics

For all experiments, analysis of variance (ANOVA) was calculated

( p < 0.05) using the mixed procedure in SAS (Release 9.1, Cary, NC)

and differences among means were calculated using Fisher’s protected least

significant difference test ( p < 0.05). For the initial D-limonene experiment,

initial D-limonene content was the dependent variable and final ethanol and D-

limonene concentrations were the independent variables. For initial pH tests,

initial pH was the dependent variable and 24 and 48 h ethanol concentrations

were the independent variables. For enzyme loading tests, pectinase, cellu-

lase, and beta-glucosidase loadings were the dependent variables and final

ethanol concentration was the independent variable. Main effects, two-way,

and three-way interactions were tested for enzyme loading tests. The

carbohydrate content CPW for each experiment was assumed to be the same

for each SSF run.



Fig. 2. Ethanol yields related to the limonene concentration after each SSF.
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3. Results and discussion

3.1. Effect of D-limonene

The soluble carbohydrate content after pretreatment for CPW

used in the D-limonene and enzyme loading experiments was

(%dry weight (dw)) 10.74, fructose; 10.16, glucose; 0.10,

galactose; and 10.91, sucrose, (CPW dry matter was 18.58%, w/

w). Assuming ethanol production of 90% theoretical by S.

cerevisiae, an ethanol concentration of 27.21 g/l would be

expected without SSF. The maximum ethanol concentration

achieved in the effect of D-limonene experiment was 39.03 g/l

(Fig. 1, 0.08%, v/w, D-limonene), which corresponds to an

increase of 25.75 g/l in carbohydrates fermentable by S.

cerevisiae, or 13.86% dw of the CPW. This increase is similar

to what was observed using CPW from oranges in a previous

study [16].

Initial D-limonene content had an effect on both ethanol

production and final D-limonene content ( p < 0.05). Ethanol

concentrations in the fermented hydrolyzates after 24 h with

initial D-limonene contents of 0.08, 0.13, 0.18, 0.23, and 0.28%

(v/w) were not different from one another ( p < 0.05) (Fig. 1).

Ethanol concentrations of fermented hydrolyzates with initial D-

limonene contents of 0.33 and 0.43% (v/w) were less than other

experiments ( p < 0.05). Fermentation experiments with initial

D-limonene contents of 0.08% (v/w) and 0.13% (v/w) had the

lowest final D-limonene contents, and experiments with an initial

D-limonene content of 0.43% (v/w) had the highest final D-

limonene content ( p < 0.05) (Fig. 1). Fig. 2 shows the

relationship between final D-limonene content of fermented

hydrolyzates and ethanol concentration. Inhibition of ethanol

production was observed at concentrations greater than or equal

to 0.12% (v/w), which is similar to values reported previously

[6,10].

Previous studies have observed inhibition of microbial growth

at concentrations between 0.05 and 0.15% (v/w) [5,8,10,11]. In

our study, a fairly large inoculum (7 g cells/L) was used, which
Fig. 1. Hydrolyzate ethanol and limonene concentrations after 24 h SSF using

citrus peel waste with varying initial limonene concentrations (error bars are�1

standard deviation, mean of 3 SSFs except 0.28 and 0.33% (v/w), which are the

mean of 4 SSFs).
was greater than the studies previously mentioned with the

exception of Grohmann et al. [5]. Larger inoculum size probably

enabled the yeast to overcome inhibitory effects due to D-

limonene, which resulted in a greater minimum inhibitory

concentration. D-Limonene’s inhibitory effects on S. cerevisiae

have been attributed to its disruption of the cellular membrane

disruption causing cellular components to leak out of the cell as

well as disruption H+ and K+ transport energized by glycolysis

[18–20]. It is not known how ethanol production progressed over

the course of the fermentation since sampling was not done

except at the end of 24 h. Since sugars contained in hydrolyzed

CPW can be completely consumed in 7–10 h [5], it is likely that

fermentations with greater initial D-limonene contents were

inhibited initially, but as D-limonene was vented from the

fermentation bottles or converted by yeast to less toxic

compounds, inhibition decreased. In a study with S. cerevisiae

and Kluyveromyces marxianus, lag times of >24 h were

observed in fermentations containing 0.05–0.20% (v/w) orange

peel oil before sugars were completely fermented to ethanol [11].

Between 38.5 and 60.4% of the limonene present at the

beginning of SSF was removed and/or converted to other

products during SSF (Fig. 1). Several yeast species are known

to be able to convert D-limonene to such products as

isopiperitone, trans-1,2-dihydroxylimonene, and perillic acid

[21]; however, all yeast biotransformations of limonene thus far

have been found to be catalyzed by monooxygenases, which

require oxygen [22]. Since SSF was carried out under anaerobic

conditions, an oxidation of limonene catalyzed by a mono-

oxidase is unlikely. To our knowledge, S. cerevisiae has not

been observed to convert D-limonene into other products.

Further investigation is needed to determine the fate of

D-limonene during anaerobic fermentation by S. cerevisiae and

other yeast.

3.2. Effect of enzyme loading

During the enzyme loading experiment, an increase in

carbohydrates fermentable by S. cerevisiae similar to the

D-limonene experiment was observed, with the maximum

ethanol concentration achieved being 39.60 g/l (Table 1,

297 IU/g dm). This was expected since the CPW used for

both experiments was from the same batch of material.



Table 1

Ethanol concentrations in simultaneous saccharification and fermentations containing various amounts of hydrolysis enzymes (values with the same letter are not

significantly different, p > 0.05)

Pectinase activity

(IU/g CPW dry matter)

Ethanol (g/l) BG activity

(IU/g CPW dry matter)

Ethanol (g/l) Cellulase activity

(FPU/g CPW dry matter)

Ethanol (g/l)

0 26.97a 0 30.11a 0.00 24.00a

9 30.15b 5 29.67a 0.01 32.82b

19 31.05b 13 37.71b 0.02 38.05c

25 37.20c 26 38.68b 0.04 36.34c

49 37.80c 52 37.95b 0.09 38.00c

74 38.85c 0.18 37.48c

99 36.98c

198 37.40c

297 39.60c

Fig. 3. Ethanol, glucose and GA concentrations and final pH values from SSF

of orange peel waste at varying initial pH values (error bars are �1 standard

deviation, mean of 2 SSFs).
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Ethanol concentration after SSF was reduced when

pectinase loadings were less than 25 IU/g peel solids, cellulase

loadings were less than 0.02 FPU/g peel solids, and beta-

galactosidase loadings were less than 13 IU/g peel solids

( p < 0.05) (Table 1). Loadings of 26.5 IU/g peel solids for

pectinase and 0.27 FPU/g peel solids for cellulase were used in

a previous study that used pectinase and cellulase enzymes to

hydrolyze raw Valencia orange peel before fermenting the

hydrolyzate with S. cerevisiae [5]. D-Limonene was removed in

that study by filtering the hydrolyzate to remove solids that

were later found to contain most of the D-limonene present after

hydrolysis. Utilization of SSF techniques combined with D-

limonene stripping and steam explosion reduced pectinase

loading by 6% and cellulase loading by 92% as compared to the

previous study [5].

These qualitative observations relate well to the viscosity

measurements that were conducted on CPW hydrolyzed by a

similar enzyme preparation in a previous study [23]. The

pretreatment greatly increased CPW surface area, allowing the

hydrolyzing enzymes to work more effectively on pectin and

cellulose. Also, SSF probably contributed to reduction of

enzyme use over previous studies due to decreased product

inhibition of cellulase. It is not known if reduction of

D-limonene contributed to reduction in enzyme usage.

3.3. Effect of pH

The soluble carbohydrate content for CPW used in the pH

experiment was (%dw) 6.96, fructose; 7.14, glucose; and 13.48,

sucrose, which, assuming 90% conversion of carbohydrate to

ethanol by S. cerevisiae, corresponds to a theoretical ethanol

concentration of 29.58 g/l (CPW dry matter was 23.37%, w/w).

The maximum ethanol concentration achieved in the effect of

D-limonene experiment was 36.10 g/l with 0.45 g/l glucose

unconsumed (Figs. 3 and 4), an increase in fermentable

carbohydrates of 14.2 g/l or 6.08% dw CPW. It is not known

why the increase in fermentable sugar was less than that

observed with the other batch of CPW used in the previous

experiments. This CPW had a greater dry matter content, which

may reduced the effectiveness of the pretreatment and/or the

hydrolysis due to less water being available.

Initial pH had an effect on the ethanol produced at both 24

and 48 h ( p < 0.05) (Fig. 3). Fermentations at initial pH 6.0
produced the most ethanol after 24 and 48 h, and fermentations

at initial pH 4.4 produced the least ethanol at 24 and 48 h

( p < 0.05). Ethanol concentrations at initial pH 5.0 and 5.6

were not different from each other ( p > 0.05), but were less

than pH 6.0 and greater than pH 4.4. Ethanol concentrations at

24 and 48 h were similar, indicating fermentations were

complete at or before 24 h. Glucose and GA concentrations

continued to increase from 24 to 48 h, indicating continued

hydrolysis. Glucose and GA concentrations increased as pH

decreased, indicating that pectinase enzyme was more effective

at reduced pH (Fig. 4). This was expected since the optimum

pH for the commercial pectinase preparation used in the study

was 3.8, as reported by the manufacturer. GA concentration

after fermentation is greater than glucose because S. cerevisiae

cannot utilize GA. Residual glucose concentration increased as

pH decreased, which followed the trend in ethanol concentra-

tion (Fig. 4). Increased glucose concentrations are due to the

inability of yeast to ferment glucose at lower pH. Final pH after

48 h in fermentations with initial pH 4.4 was 3.3, which was the

lowest pH of all the fermentations. Fermentations with initial

pH of 5.0 and 5.6 had similar final pH values of 3.7 and 3.75,

respectively. Fermentations with initial pH of 6.0 had the

highest final pH of 4.9. Final pH correlated linearly with GA

and glucose concentration in the fermentation slurry (R2 = 0.99

and 0.97, respectively) (Fig. 4).



Fig. 4. GA and glucose concentrations at various pH after 48 h S. cerevisiae

fermentations.
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S. cerevisiae have been reported to increase ethanol

production at pH 5.0 and 5.5 as opposed to pH 4.0 and 4.5

[24], and its optimum pH is from 5.0 to 5.2 [25]. Weak acids

have been shown to inhibit S. cerevisiae growth at lower pH due

to an increase in undissociated acids [26]. Several weak organic

acids, such as acetic, malic, malonic, lactic, and citric acids, are

known to be present in citrus peel [27], though in a recent

report, citric acid, one of the more abundant acids in citrus peel,

was found to increase ethanol yield with decreasing pH in the

range of pH 3.0–4.5 [26]. The decrease in ethanol with

decreasing pH observed here indicates that the inhibitory effect

with decreasing pH of most organic acids in CPW was greater

than the beneficial effect on ethanol production due to citric

acid. The use of 37 8C as a fermentation temperature, which

was a chosen as a compromise for increasing the activity of

hydrolysis enzymes while allowing S. cerevisiae to still ferment

sugars, also may have contributed to the decrease in ethanol at

lower pH. The ideal temperature for most strains of S.

cerevisiae is approximately 30 8C. Greater temperatures can

stress the yeast and make them more susceptible to other

stresses such as low pH and ethanol, especially at ethanol

concentrations greater than 3% (w/v) [28].

4. Conclusion

CPW was treated with steam to remove D-limonene and

sterilize and soften the peel waste prior to SSF by S. cerevisiae,

which removed more than 90% of the initial D-limonene present

in the peel waste. Ethanol concentrations after 24 h were

reduced in fermentations with initial D-limonene concentrations

greater than or equal to 0.33% (v/w) and final (24 h) D-limonene

concentrations greater than or equal to 0.14% (v/w). Ethanol

production were reduced at pectinase loadings less than 25 IU/g

peel dry matter, cellulase loadings less than 0.02 FPU/g peel

dry matter, and beta-glucosidase loadings less than 13 IU/g peel

dry matter. Fermentations with an initial pH of 6.0 produced

more ethanol than did fermentations with initial pH of 5.6, 5.0,

and 4.4. The pH after 48 h of fermentations with an initial pH of

6.0 was 4.9, which is ideal for both S. cerevisiae and the

cellulase enzyme used in the study.
Acknowledgements

The authors would like to acknowledge Renewable Spirits,

LLC for their support of this project and Sandra Matlack for her

assistance on analyzing samples.

References

[1] Hill J, Nelson E, Tilman D, Polasky S, Tiffany D. Environmental,

economic, and energetic costs and benefits of biodiesel and ethanol

biofuels. Proc Natl Acad Sci USA 2006;103:11206–10.

[2] From niche to nation: ethanol industry outlook 2006. Washington, DC:

Renewable Fuels Association; 2006. p. 24.

[3] Citrus Summary 2004–05. Orlando, FL: Florida Dept. of Agriculture and

Consumer Services and USDA National Agriculture Statistics Service;

2006. p. 53.

[4] Grohmann K, Baldwin E, Buslig BS, Ingram LO. Fermentation of

galacturonic acid and other sugars in orange peel hydrolysates by the

ethanolgenic strain of Escherichia coli. Biotechnol Lett 1994;16:281–6.

[5] Grohmann K, Baldwin E, Buslig B. Production of ethanol from enzyma-

tically hydrolyzed orange peel by the yeast Saccharomyces cervisiae.

Appl Biochem Microbiol 1994;45/46:315–27.

[6] Grohmann K, Cameron RG, Buslig BS. Fermentation of sugars in orange

peel hydrolysates to ethanol by recombinant Escherichia coli K011. Appl

Biochem Biotechnol 1995;51/52:423–35.

[7] Kelsall D, Lyons T. Grain dry milling and cooking procedures. In: Jacques

K, Lyons T, Kelsall D, editors. The alcohol textbook. 4th ed., Nottingham,

UK: Nottingham University Press; 2003. p. 9–21.

[8] Subba MS, Soumithri TC, Rao RS. Antimicrobial action of citrus oils. J

Food Sci 1967;32:225–7.

[9] Kimball DA. Citrus processing: a complete guide. Gaithersburg, MD:

Aspen; 1999. p. 450.

[10] Murdock DI, Allen WE. Germicidal effect of orange peel oil and D-

limonene in water and orange juice. Food Technol 1960;14:441–5.

[11] Wilkins MR, Suryawati L, Chrz D, Maness NO. Ethanol production by

Saccharomyces cerevisiae and Kluyveromyces marxianus in the presence

of orange peel oil. World J Microbiol Biotechnol 2007;23:1161–8.

[12] Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, et al.

Features of promising technologies for pretreatment of lignocellulosic

biomass. Bioresour Technol 2005;96:673–86.

[13] Braddock RJ, Temelli F, Cadwallader KR. Citrus essential oils-a dossier

for material data and safety sheets. Food Technol 1986;40:114–6.

[14] Scott WC, Veldhuis MK. Rapid estimation of recoverable oil in citrus

juices by bromate titration. J Assoc Off Anal Chem 1966;49:628–33.

[15] Stewart DS, Widmer WW, Grohmann K, Wilkins MR. Ethanol production

from citrus processing waste. US Patent Application 11/052,620; February

7, 2005.

[16] Wilkins MR, Widmer WW, Cameron RG, Grohmann K. Effect of seasonal

variation on enzymatic hydrolysis of Valencia orange peel. Proc Fla State

Hort Soc 2005;118:419–22.

[17] Wilkins MR, Widmer WW, Grohmann K, Cameron RG. Hydrolysis of

grapefruit peel waste with cellulase and pectinase enzymes. Bioresource

Technol 2007;98:1596–601.

[18] Andrews RE, Parks LW, Spence KD. Some effects of Douglas fir terpenes

on certain microorganisms. Appl Environ Microbiol 1980;40:301–4.

[19] Uribe S, Ramirez J, Pena A. Effects of beta-pinene on yeast membrane

functions. J Bacteriol 1985;161:1195–200.

[20] Uribe S, Rangel P, Espinola G, Aguirre G. Effects of cyclohexane, an

industrial solvent, on the yeast Sacchoromyces cerevisiae and on isolated

yeast mitochondria. Appl Environ Microbiol 1990;56:2114–9.

[21] van Rensburg E, Moleleki N, van der Walt JP, Botes PJ, van Dyk MS.

Biotransformation of limonene and piperitone by yeasts and yeast-like

fungi. Biotechnol Lett 1997;19:779–82.

[22] Duetz WA, Bouwmeester H, van Beilen JB, Witholt B. Biotransformation

of limonene by bacteria, fungi, yeasts, and plants. Appl Microbiol

Biotechnol 2003;61:269–77.



M.R. Wilkins et al. / Process Biochemistry 42 (2007) 1614–1619 1619
[23] Grohmann K, Cameron RG, Buslig BS. Fractionation and pretreat-

ment of orange peel by dilute acid hydrolysis. Bioresour Technol

1995;54:129–41.

[24] Narendranath. Bacterial contamination and control in ethanol production.

In: Kelsall D, Jacques K, Lyons T, editors. The alcohol textbook. 4th ed.,

Nottingham, UK: Nottingham University Press; 2003. p. 287–98.

[25] Russell I. Understanding yeast fundamentals. In: Jacques K, Lyons T,

Kelsall D, editors. The alcohol textbook. 4th ed., Nottingham, UK:

Nottingham University Press; 2003. p. 85–120.
[26] Nielsen MK, Arneborg N. The effect of citric acid and pH on growth and

metabolism of anaerobic Saccharomyces cerevisiae and Zygosaccharo-

myces bailii cultures. Food Microbiol 2007;24:101–5.

[27] Grohmann K, Manthey JA, Cameron RG, Buslig BS. Purification of citrus

peel juice and molasses. J Agric Food Chem 1999;47:4859–67.

[28] Sa-Correia I, Van Uden N. Temperature profiles of ethanol tolerance:

effects of ethanol on the minimum and the maximum for growth of the

yeasts Saccharomyces cerevisiae and Kluyveromyces fralilis. Biotechnol

Bioeng 1983;25:1665–7.


	Simultaneous saccharification and fermentation of citrus peel �waste by Saccharomyces cerevisiae to produce ethanol
	Introduction
	Materials and methods
	Peel pretreatment and analyses
	SSF procedure
	Effect of d-limonene
	Effect of enzyme loading
	Effect of initial pH
	Statistics

	Results and discussion
	Effect of d-limonene
	Effect of enzyme loading
	Effect of pH

	Conclusion
	Acknowledgements
	References


